Cysteamine bitartrate was delivered through a naso-enteric catheter into the stomach ( n = 8), small intestine ( n = 8) and caecum ( n = 4) of normal subjects. Plasma cysteamine concentrations were determined using LC-MS/MS.
Introduction
Cysteamine ( β -mercapto-ethylamine) bitartrate is currently the only drug approved for the treatment of cystinosis, a rare autosomal recessive disease caused by the abnormal intralysosomal accumulation of the amino-acid cystine within various tissues [1] . Cysteamine has been shown to lower intracellular cystine concentrations by reacting with intralysosomal cystine to form the mixed disulphide of cysteamine and cysteine, which then leaves the lysosome via the lysine transport system [2] . Regular treatment with cysteamine has been shown to reduce the rate of progression of renal and thyroid failure in children with cystinosis [3] [4] [5] , and more recently animal studies have suggested a potential use for cystamine (which is converted to cysteamine) for the treatment of Huntington's and Parkinson's disease [6] [7] [8] [9] [10] [11] . Although the mechanism of cysteamine action in cystinosis is under-stood, little is known about the pharmacokinetics of the drug.
From a recent study evaluating cysteamine-induced gastric acid secretion in children with cystinosis, it was determined that hypergastinaemia was commonly seen following oral cysteamine, particularly in those who also had regular gastrointestinal symptoms [12, 13] . One child was reported to have a peak serum gastrin concentration which was three times higher when cysteamine was delivered into the jejunum as compared with the stomach [12] . A possible reason for this would be that cysteamine is more efficiently absorbed from the small intestine. The present study was designed to evaluate how effectively cysteamine bitartrate is absorbed following delivery of the drug into various parts of the intestinal tract.
Methods
This prospective study was approved by the University of California at San Diego (UCSD), Human Research Protection Program, and informed consent was obtained from each participant. Study subjects were recruited locally and admitted to the UCSD General Clinical Research Center.
Patients
Eight healthy adult control patients (six male, two female, one African American, seven Caucasians) with a mean age of 23.2 years (range 19-28 years) and a mean weight of 80.7 kg (range 62.4-107.0 kg) were enrolled. All subjects were asked to discontinue use of acid suppressants, antibiotics, nonsteroidal antiinflammatory drugs, pro-kinetic agents and antihistamines 2 weeks prior to admission. Baseline chemistry, Helicobacter pylo ri serology, complete blood count and urinalysis were performed upon admission. Urinary pregnancy tests were performed for women.
Cysteamine bitartrate delivery
Cysteamine was delivered through a silicone rubber naso-enteric tube (Dentsleeve Pty Ltd, Australia, now Dentsleeve International Ltd, Mississauga, Canada), 3 mm in diameter and 4.5 m in length. The tube, specifically made for this study, had a tungsten weighted tip and immediately proximal to this was an inflatable balloon (3 ml capacity). The infusion port (1 mm diameter) through which drug was delivered was 5 cm proximal to the balloon.
On day 1 of the study, the naso-enteric tube was inserted into the stomach and 1475 mg cysteamine bitartrate (500 mg cysteamine-base) dissolved in 10 ml of water was infused into the stomach over 1-2 min. By day 3 of the study the tip of the tube had passed into the proximal small intestine just distal to the ligament of Treitz (confirmed fluoroscopically) and cysteamine bitartarte administration was repeated, with a dose equal to day 1. The balloon was then inflated with water and peristalsis propelled the tube distally. Tube position within the caecum was confirmed fluoroscopically on day 5, and cysteamine bitartrate was infused into the caecum, with equal dose to day 1. In three cases, drug infusion into the caecum was performed on day 7 due to slow tube progression through the intestine. If the tube had migrated too far it was retracted into the desired location. Subjects were fasted overnight before cysteamine bitartrate administration.
Cysteamine measurements
Following an overnight fast (except for water) blood samples were taken at baseline and measured at 5, 10, 20, 30, 45, 60, 75, 90, 105, 120, 150 min, and 3, 4, 6, 8, 10, 12 and 16 h after intraluminal infusion of cysteamine bitartrate. To measure plasma cysteamine, 1 ml blood samples were collected in heparinized vacutainers, centrifuged within 1 h and plasma was stored at − 18 ° C. Using a previously described method [12] [13] [14] , the concentration of cysteamine was measured using LC-MS/MS (API 2000 LC/MS/MS, Applied Biosystems, Foster City, CA). Cysteamine concentrations were calculated using a calibration curve, which was prepared by spiking plasma with buffered cysteamine. Solutions and quality control samples were analyzed with each batch.
Pharmacokinetic analysis
The cysteamine noncompartmental plasma pharmacokinetics were determined using WinNonlin v4.0.1 (Pharsight, Mountain View, CA). The area under the curve plasma concentration-time profile was established by linear trapezoidal integration.
Statistical analysis
Means and standard deviations are reported for all variables. For each pharmacokinetic outcome measure, sample means were compared among the three sites of the intestinal tract where cysteamine was introduced. Mixed model REML repeated measures analysis of variance, with the injection site fixed and subjects as the random effect, was used. This method takes into account all observed data, even though some subjects have missing measurements for the caecum site. If an effect was detected at the 5% significance level, Tukey's honestly significant difference (HSD) test was applied to determine which site(s) accounted for the difference(s). Mid-ileum data from two subjects were not included in the statistical analysis.
Results
In all subjects the naso-enteric tube passed successfully from the stomach into the upper small intestine. However, it did not progress any further in two subjects. In two of the subjects the tube only reached the mid-ileum, but it did progress to the caecum in four subjects. There were no reported adverse effects with the insertion or removal of the naso-enteric tube. None of the subjects reported any symptoms following cysteamine infusion at any site.
Cysteamine pharmacokinetics
The mean plasma cysteamine concentration-time profiles following infusion of cysteamine bitartrate into various intestinal sites are displayed in Figure 1 . The rate and extent of drug absorption were assessed by comparing AUC(0, ∞ ), C max and t max , respectively, among the gastrointestinal infusion sites. Total cysteamine exposure, expressed as area under the curve (AUC(0, ∞ )), was greatest when the drug was infused into the small intestine (4331.3 ± 1907.6 min × µ M ) followed by stomach (3901.9 ± 1591.9 min × µ M ) and caecum (3141.4 ± 1627.6min × µ M ). Based on area under the plasma concentration-time profile, the extent of cysteamine absorption did not differ significantly with the site of infusion (Table 1) . However, significant differences in the rate of cysteamine absorption were observed based on infusion site. Cysteamine infusion into the small intestine resulted in the most rapid rise to maximal plasma concentrations ( t max = 21 ± 6 min); the time to maximal plasma concentration was delayed significantly to 50 ± 26 min and 64 ± 26 min after gastric and caecal infusion ( P = 0.0076), respectively. The maximum cysteamine plasma concentration ( C max ) was reached after infusion of the drug into the small intestine (51 ± 21 µ M ), which was nonsignificantly higher than plasma C max concentrations after gastric (39 ± 16 µ M ) and significantly higher than after caecal infusion (23 ± 15 µ M , P = 0.04). The terminal phase half-life ( t /2 ) was not significantly different across infusion sites; the mean t 1/2 was 94.5 min, 112.7 min, and 98.3 min following gastric, intestinal, and caecal infusion, respectively.
In two subjects, cysteamine bitartrate was infused into the mid-ileum and the absorption pattern seemed comparable with the absorption from the small intestine (Table 1) .
The range of values by the analytical method used was 1-100 µM. Three quality control samples at 2, 30 and 55 µM were run with each batch. Repeatability expressed as the relative standard deviations (n = 5) at each level, were 9.0%; 5.3% and 5.0%, respectively. The intermediate precision over 10 months was 12.7%, 4.5% and 5.3%, respectively,
Discussion
In 1994 cysteamine bitartrate (Cystagon™) was approved by the FDA for the treatment of cystinosis, a rare disease of intralysosomal cystine accumulation [15] . Prior to the availability of cysteamine most patients would succumb to renal 'death' by 9 years of age, as well as thyroid and growth failure in their early teens [3] [4] [5] 16] . However, clinical studies, which were initiated as early as 1978, have shown that regular treatment with cysteamine delays the progression of renal failure and the need for transplantation as well as improving growth potential in patients with cystinosis [3, 4] . Cysteamine works as a treatment for cystinosis by forming a mixed disulphide with intralysosomal cystine, which then leaves the lysosome through the lysine transport system [2, 17] .
More recently there has been considerable interest in the use of cystamine (which is reduced to cysteamine) and cysteamine for the treatment of Huntington's disease (HD) and Parkinson's disease. Excessive transglutaminase activity, which is detected within the brains of HD patients, is thought to contribute to cell death and striated neuronal loss. Cystamine is a competitive inhibitor of transglutaminase and murine studies have suggested that cystamine can prevent the development of striatal neuropathology in the YAC128 mouse model of HD [7, 18] . Although most studies have been performed in mice, enough interest has been generated to start studies in humans with HD. A short-term dose finding and tolerability study of cysteamine bitartrate in HD patients was undertaken and reported that adult patients were able to tolerate cysteamine (20 mg kg −1 day −1 in four divided doses). Patients were unable to tolerate higher doses of cysteamine because of side-effects including nausea, vomiting, difficulty walking and abnormal odour [19] . Other studies have now also suggested a neuroprotective effect of cystamine in aged parkinsonian mice [20] .
Our present study provides useful data regarding the pharmacokinetics of cysteamine bitartrate and the results show that cysteamine absorption varies slightly between intestinal infusion sites in normal healthy adults. The total AUC (of the concentration-time curve) was similar following gastric and small intestinal delivery of cysteamine and this may have been related to the small sample sizes. However, the fact that C max was higher and was reached more rapidly following small intestinal infusion of cysteamine would suggest the cysteamine is most readily absorbed from this site. Further, the results from two patients with mid-ileum profiles indicate that cysteamine absorption does not vary greatly throughout the small intestine. This information may be useful not only to patients with cystinosis but also to individuals in whom the potential neuroprotective properties of cysteamine or cystamine may be beneficial. In fact, a recent study in children with cystinosis suggested that cysteamine delivered directly into the small intestine, by causing a significantly higher C max , caused prolonged intracellular depletion of leucocyte cystine [21] . This would suggest that use of an entericcoated cysteamine preparation could result in less frequent daily dosing of the drug. In addition, patients receiving enteric-released cysteamine may suffer fewer gastrointestinal side-effects.
In this study we used a naso-enteric catheter, which enabled the infusion of cysteamine into specific gastrointestinal sites. The catheter was devised for longterm placement and following insertion its presence was well tolerated without any complaints of significant discomfort. In general, catheter removal was judged as the most objectionable aspect of the study. All patients were admitted to the General Clinical Research Center for the duration of the entire study, but were allowed to leave the hospital on the study-free days. We believe this device may have uses in future pharmacokinetic studies, simulation of slow-release preparations and possibly, with some manipulation, may also allow aspiration from different intestinal sites.
Although cysteamine was first used in cystinosis in 1976 [17] and approved by the FDA for use in cystinosis as cysteamine bitartrate (Cystagon™) in 1994, much pharmacologic and pharmacodynamic data remain to be defined for this compound. The pharmacokinetic data generated in the present study will hopefully be of use for the development of a controlled release form of cysteamine, and may benefit Huntington's disease and Parkinson's disease research as well as the treatment of cystinosis. 
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